We would like to report a genetic screening of SDHB, SDHC, SDHD and SDHAF2 genes (hereafter abbreviated to SDHx) in patients with paragangliomas (PGL) and phaeochromocytomas (PCC) from northern Portugal.
2012). The spectrum of germline SDHx mutations varies considerably among different countries, a circumstance that is related to the existence of several founder mutations. This is particularly marked in The Netherlands (Hensen et al. 2012) , where six founder mutations were discovered, but evidence for founder effects was also observed for SDHx mutations in Austrian (Janecke et al. 2010) , Italian (Simi et al. 2005) and Spanish (Cascon et al. 2009) populations. In addition to familial PGL or PCC, germline SDHx mutations have also been observed in patients without familial history of disease, sometimes classified as 'occult' familial cases (Lima et al. 2007 ). This phenomenon may be associated with the low penetrance of SDHx mutations, which is about 50%, although increasing in older individuals ), and with the genomic imprinting observed in SDHD and SDHAF2 genes (Gimenez-Roqueplo et al. 2012) .
We report the genetic study of 37 individuals diagnosed with PGL or PCC between 2009 and 2012, of which three were familial cases and 34 were sporadic. Sporadic cases were defined as those having no familial history of PGL or PCC in the parental and grandparental generations and disease was considered to be inherited when at least two first-degree relatives or two seconddegree relatives were affected by these tumours. Only the index cases from familial PGLs were considered for all the analyses. Patients displaying syndromic features associated with VHL, MEN2 or NF1 were excluded from the study. Written informed consent for genetic testing was obtained from all patients.
The majority of patients developed PGL (27/37; 73.0%) and ten developed PCC (27.0%). The clinical and pathological features of the 37 patients are shown in Table 1 .
We have identified seven different germline SDHx mutations that were present in 20 of the 37 (54.1%) patients. One mutation was located in SDHD and six were located in the SDHB gene, while no alterations were found in SDHC or SDHAF2 genes.
We identified three cases of familial PGL. In the first, the index case (multiple HN PGLs and a thoracic PGL) was found to harbour a germline SDHD frameshift mutation (L139FfsX29) that was shared by the two relatives with disease (one with multiple abdominal PGLs and another with multiple head and neck PGLs). Two additional families with PGL were identified: in one, the index case developed a malignant abdominal PGL (with bone metastases) and her uncle had also developed a malignant abdominal PGL with brain metastases; in a third family, the index case presented abdominal PGL and his mother had developed multiple head and neck PGLs. All the affected relatives of these two families harboured a large germline 15 678 bp deletion in the SDHB gene, which encompasses the promoter and exon 1.
In the 34 patients in whom no familial relationships could be established (considered as sporadic cases), we have identified six germline SDHx mutations, all in SDHB, that were present in 17 patients (50.0% of sporadic cases). The majority of the germline-mutated patients harboured the SDHB 15 678 bp deletion (9/17, 52.9%), four patients presented SDHB frameshift mutations (P56delYfsX5 and S198AfsX22 in three patients) that lead to premature stop codons and four patients presented germline missense mutations (A43P, R11H and R230H in two patients). All the aforementioned SDHB mutations were previously described as pathogenic (Bayley et al. 2005) . In patients without SDHx mutations, we have screened for VHL, TMEM127 and MAX mutations, but none were disclosed.
The finding that a large number of patients in this series (11/37; 29.7%) presented the germline SDHB 15 678 bp deletion prompted us to study the haplotypic variability in the flanking regions upstream (using the SNPs: rs1569754, rs3946080, rs2143811 and rs5772743) and downstream (using the SNPs: rs7545518, rs7545499 and rs7536679) of the deletion breakpoint, in order to assess whether this deletion occurred in multiple independent events or whether it was a single event that settled in the population. After selective amplification of the deleted allele in the 11 deletion-positive patients, we observed that, in all cases, the deletion was associated with the same haplotype (haplotype 3 - Table 2 ); selective amplification of the WT alleles (in the same 11 deletionpositive patients) disclosed two different haplotypes. Furthermore, haplotype reconstruction (using the same SNPs) in 40 healthy individuals from northern Portugal (in whom we confirmed the absence of the deletion) identified four additional haplotypes ( Table 2) . Four of these haplotypes were detected in other European populations (Great Britain, Finland and Italy) in comparable frequencies (Table 2 ). The frequency of haplotype 3 in the deleted chromosomes is significantly different from its frequency in the control population (PZ0.0005). SDHA and SDHB immunohistochemistry in the tumour tissue showed that all patients with SDHx mutations had loss of SDHB and presence of SDHA expression in the tumour. On the other hand, patients without SDHx mutations presented both SDHB and SDHA expression, discarding the existence of additional SDHx alterations, such as large deletions, that would be missed by Sanger sequencing.
When performing genotype-phenotype correlations, we observed that patients with SDHx mutations had a lower mean age at diagnosis (PZ0.008), developed tumours that were more frequently located in extraadrenal sites (PZ0.023) and were predominantly men (PZ0.078) ( Table 1 ). The tumours that occurred in patients with SDHx mutations presented a signature of low secretion of epinephrine (PZ0.011) and metanephrine (PZ0.005) (Table 1) when compared with tumours without SDHx mutations. Malignant and lethal tumours were more frequently observed in patients with SDHx mutations (35.0 and 15.0% respectively) than in nonmutated cases (23.5 and 5.9% respectively), although the difference was not statistically significant.
In the series of PGL/PCC presented here, half of the patients without familial history of disease (17/34; 50.0%) harboured germline SDHx mutations; altogether, germline SDHx mutations were the primary cause of PGL and PCC in 54.1% (20/37) patients.
The prevalence of SDHx mutations in this cohort is high and comparable to the one found in a large series of French PGL patients ). The high frequency of SDHx mutations in our series is likely attributable to the prevalence of the SDHB 15 678 bp deletion (55.0% of the SDHx-mutated patients). To the best of our knowledge, this is only the second report of the SDHB 15 678 bp deletion in PGL/PCC patients, despite the large number of studies in this topic, raising the hypothesis that the high frequency of this deletion in Portuguese patients can be related to a founder effect. A founder effect for this specific deletion had already been proposed by Cascon et al. (2008) , who studied five families, all of them harbouring this deletion and showing a conserved breakpoint. Notably, of the five families, one was from Porto, Portugal, a second was a Brazilian family and the remaining three were of Spanish origin, more specifically from Galicia (Cascon et al. 2008) .
Our results show that the deletion breakpoint is conserved among 11 patients with PGL/PCC and also matches the previously reported breakpoint (Cascon et al. 2008 ). None of these 11 patients have familial relationships, but all come from northern Portugal. Furthermore, we have shown that all deleted alleles share a common haplotype (haplotype 3), in a significantly higher frequency than in control, healthy individuals (45.0%). The lack of variation in the up-and downstream flanking regions of the deleted allele (in contrast to the normal alleles from the control population, where six different haplotypes were found) fits with a founder effect for this deletion, which has probably settled in the northern Portuguese/Galician populations. A recent study of SDHx mutations in Portuguese PGL/PCC patients from central and southern Portugal did not find this deletion (Domingues et al. 2012) , further suggesting that the founder effect is related to northern Portuguese/Galician populations.
Our results support the previously reported association between SDHx mutations and lower age at diagnosis and extra-adrenal location ). The association between absence of SDHx mutations and higher levels of epinephrine and metanephrine hypersecretion may reflect the higher proportion of PCC in this subgroup of patients, as epinephrine is synthesized and stored only in the adrenal medulla (and metanephrine is its main metabolite) whereas norepinephrine and dopamine are also synthesized in the peripheral sympathetic nerves.
Summing up, we present data showing that the majority of PGL in northern Portugal patients develop as a consequence of germline SDHx mutations, in particular a founder mutation in the SDHB gene (15 678 bp deletion). Our results support the suggestion by Hensen et al. (2012) that population specificities, regarding the presence of founder germline SDHx mutations, should be taken into account whenever deciding about the genetic testing in PGL/PCC patients.
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